INTRODUCTION
Most of the currently available defi brillators use biphasic energy in the form of joules to deliver shocks to patients in either ventricular fi brillation (VF) or pulseless ventricular tachycardia (VT). There are various forms and shapes of biphasic energy, such as biphasic truncated exponential waveform, rectilinear biphasic waveform or pulsed biphasic waveform. Shocks as effi cacious as, or superior to, monophasic damped sine wave shocks of the same energy level have been demonstrated with biphasic defi brillators in both animal and human models. (1) (2) (3) (4) Higher levels of biphasic energy may be more effi cacious in the ranges usually used for monophasic defi brillation (viz. up to 360 J). (2) This is well demonstrated in some patients with atrial fi brillation. (5) Successful defibrillation appears to be dependent on depolarisation of most of the myocardium. (6) Energy has to pass through various chest wall layers before reaching electrically sensitive fi brillating myocardial fi bres. These layers impose some amount of resistance to the conduction of electrical energy. This is referred to as transthoracic impedance (TTI). The higher the TTI, the less the current that reaches the heart. While a high-amplitude current shock ensures depolarisation of the myocardium, it may cause damage to cardiac tissue. (7) The success of defi brillation depends not primarily on energy levels, but more on peak current fl ow across the heart (8) (9) (10) (11) (12) and other variables such as TTI, (10) as well as time elapsed from onset of VF to delivery of fi rst shock. (13, 14) Thus, successful cardioversion entails lower TTI and the delivery of an optimal current. Impedance-compensating defi brillators are commonly used, and many clinicians currently believe that differences in TTI values have no major impact on the success of defi brillation. (15, 16) However, controversy surrounds the effectiveness of these impedance-compensating processes, and there continues to be a strong belief that TTI signifi cantly affects the ability of modern-day defi brillators to deliver the appropriate level of current to the fi brillating myocardium. (17) (18) (19) The level of peak current required to convert VF in humans needs to be defi ned. Current levels of peak current used are not related in any linear manner to energy delivered. Neither are current energy levels known to cause notable myocardial damage. (8) (9) (10) (11) (12) At least three laboratory studies (8, 9, 20) have demonstrated that higher peak current was related to increased survival, whereas high and high-average currents were associated with post-resuscitation myocardial dysfunction. There is, however, a paucity of such evidence in the clinical environment in humans. Previous laboratory-based studies on induced VF have shown varying levels of peak current for conversion. (20) (21) (22) (23) Animal studies suggest a peak current value of 16.4 ± 2.5 A (24) for fi rst-shock effect. The aim of this study was to determine the role, if any, of peak current in the conversion of patients who Role of peak current in conversion of patients with Role of peak current in conversion of patients with ventricular fi brillation ventricular fi brillation had collapsed from VF and the optimal peak levels, if any, for conversion.
METHODS
This was part of a prospective randomised controlled trial involving four hospitals. The study compared the effectiveness of low biphasic energy and higher biphasic escalating energy in inpatient management of VF. (25) The trial was registered on www. clinicaltrials.gov (NCT00429611).
Study design, interventions and population
Patients with either VF or pulseless VT were defi brillated with biphasic energy, initially at 150 J for the low energy group and 200 J for the higher escalating energy group. If fi rst-shock conversion did not occur, further shocks were given until the patient was no longer in a shockable rhythm. For those in the low energy group, further shocks, if any, were given at 150 J, 150 J and, if still in VF, increased to 200 J, then to high levels at 300 J, 360 J and further at 360 J till either conversion or asystole. For those in the higher energy group, further shocks, if any, were given at 300 J and, if still in VF, more shocks at 360 J were administered. For all patients, TTI was measured for each shock administered. The primary endpoint was return of spontaneous circulation (ROSC).
All study sites used LIFEPAK® 12 Biphasic Defi brillator (Physio-Control Inc, Redmond, WA, USA) in the manual mode. This was to ensure that defi brillation waveform differences would not be a factor affecting outcomes. If VF was detected, the patient would be included and the randomised defi brillation protocol for that site and week instituted.
Eligible participants were cardiac arrest patients aged ≥ 21 years with VF. Patients aged < 21 years, and those with trauma arrest or known to be pregnant were excluded. Patients who had any other shockable rhythms (VT or supraventricular tachycardia) with a pulse and those who were haemodynamically unstable were also excluded from the trial. Cluster block randomisation by week was done prior to admission of the patient. Every week, each study centre's defi brillators were randomly allocated to either of the treatment arms (i.e. higher escalating energy of 200-300-360 J or low energy of 150-150-150 J). The random selection process was done independently by the envelope method.
Determination of peak current delivered (26-28)
1. The TTI of an individual was measured by the delivery of a low-amplitude, high-frequency (20 kHz) current between the two pads prior to the shock being delivered. An impedance value was refl ected in the code summary sheet of the LIFEPAK 12 defi brillator. The true shock impedance (Zs) was then calculated using the formula:
where Zvc (voltage compensation impedance) refers to the value refl ected in the code summary report.
2. The value of the peak current generated prior to the administration of shock was calculated using the following formula: Peak current = (Final charge voltage)/(ZS + 5*). This formula presumed that the defi brillator had a nominal internal resistance of 5 ohms. 3. The fi nal charge voltage was determined using the formula:
Final charge voltage = Nominal capacitor voltage + Voltage compensation boost The nominal capacitor voltages used for selected biphasic energy settings are shown in Table I . If TTI was ≤ 60 ohms, the fi nal charge voltage was presumed to be equal to the nominal capacitor voltage as indicated in Table I 
Informed consent and good clinical practice issues
The trial was approved by the Clinical Trials Coordinating Committee of Ministry of Health Singapore and the respective institutional review boards (IRBs) of the participating institutions. Waiver of informed consent was given for conducting the interventions at the time of cardiac arrest presentation. Within six weeks after the arrest, written approval to use the patient's trial data and information from clinical records was obtained from the patients (for survivors), next-of-kin or legal representative (for non-survivors). If we were unable to establish contact with the patient or next-of-kin, as appropriate, at least three documented attempts at contact (including telephone call records and letters to the last known postal address) were made and kept for potential inspection by the IRBs. Meetings with local ethnic and religious leaders were conducted for feedback and advice on informed consent issues that affected each community group. Public consultation was conducted via a public forum to explain the trial to and obtain immediate feedback from members of the public, followed by announcements about the trial through print/ broadcast media and a period for further feedback from the public. 
Data collection and analysis
Data items that were captured included patient demographics, duration of cardiac arrest, TTI prior to each attempt at defi brillation, energy levels (in joules) used, and outcome of each shock administered. For the purpose of peak current sub-analysis, only patients who had either VF or pulseless VT and had documentation of TTI values for shocks administered were included. The primary endpoint was ROSC. Continuous variables were summarised with mean and standard deviation (SD), and categorical variables with number and percentage. For comparison of demographic characteristics with the primary endpoint (i.e. ROSC), as well as comparisons of different durations of collapse and TTI values, Mann-Whitney U test/ANOVA was used for continuous variables and chi-square/ Fisher's exact test was used for categorical variables. Statistical signifi cance was defi ned as p < 0.05. All statistical analyses were performed using R 3.3.1.
RESULTS
During the study period, 245 patients who sustained cardiac arrest as a result of VF or pulseless VT were recruited for the study (Fig. 1) . Eight patients were excluded, as they did not fulfi l the inclusion criteria. Two patients were inadvertently recruited twice, while 38 patients did not have records of their TTI values, which were crucial for calculation of peak current. Of the 197 patients who were eligible for analysis, 145 (73.6%) were male. The mean age of the patients was 63.2 years. The detailed characteristics of the study patients are shown in Table II. A total of 105 (53.3%) patients achieved ROSC. There was no signifi cant difference in patient characteristics between patients who achieved ROSC and those who did not, except that a higher proportion of those with ROSC had known prior hypertension or hyperlipidaemia. (Table III) The impact of duration of collapse was less when higher energy shocks were used. (e) The fi rst-shock ROSC rate was 41.7% for patients with short duration of collapse (< 10 minutes) vs. 9.4% for those with long duration of collapse (> 30 minutes) (p = 0.075). There was no signifi cant difference in VF recurrence rates between the two groups.
Impact of duration of collapse on outcomes

TTI, energy levels and peak currents (Table IV)
More than half of the patients (110/197, 55.8%) had average TTI values (61-90 ohms). In our study cohort, the impedance Did not achieve ROSC (n = 92) Among patients with low TTI values, the mean peak current generated at fi rst shock was 27.0 ± 4.7 A, with a fi rst-shock conversion rate of 18.6%. For those with average TTI values, the mean peak current at fi rst shock was 18.2 ± 2.5 A, with a fi rstshock ROSC rate of 22.7%. For patients with high TTI values, the mean peak current generated was only 13.3 ± 2.3 A; this group achieved a fi rst-shock ROSC rate of 25.0%.
Did not fulfil inclusion criteria (n = 8) Inadvertently recruited twice (n = 2) No TTI record (n = 38)
For patients with low TTI values, the highest rate of conversions to ROSC occurred with peak currents > 25 A. None of these patients converted with peak currents < 20 A. For patients with average and high TTI values, the highest conversion rate was achieved with peak currents of 15-20 A.
The peak current generated among patients who achieved ROSC was 8.96-37.39 A. Only two patients with peak current < 10 A achieved ROSC, and only eight with peak current > 30 A had ROSC. The remaining 95 patients achieved ROSC with peak currents of 10-30 A.
DISCUSSION
About thirty years ago, it was suggested that current-based defibrillation, rather than energy-based defibrillation, would preclude TTI as a signifi cant determinant of shock success and deliver signifi cantly less current and energy to patients with equivalent success. (20) With the advent of built-in impedance compensation in biphasic defi brillators, variances in TTI in different patients were thought to be relatively unimportant for delivering the level of electrical energy required by patients for electrical conversion. The belief that TTI does not affect defi brillation, resuscitation or survival in cardiac arrest patients treated with a nonescalating biphasic waveform defi brillator was extremely strong. In spite of this, most of the defi brillators in use today continue to be energy-based, i.e. users select the energy levels (in joules) they wish to employ to defi brillate the patient but do not select the amount of current (in amperes) to deliver to the heart.
In performing electrical defi brillation for patients in VF, one looks for fi rst-shock success. Yet, many patients require more than one shock, and in some instances, higher energy shocks must be applied before electrical conversion occurs. (25) In these patients, one may question whether the impedance-compensating mechanisms of the defi brillators have faltered, thus requiring the use of higher energy levels. (29) A 2003 study comparing six commercially available biphasic defi brillators (17) that used different electrical waveforms noted that, while effi cacy with these waveforms was fairly uniform at low impedance values, there were signifi cant variations at higher impedance values. The study concluded that despite impedance-compensation schemes in biphasic defi brillators, impedance has an impact on defi brillation effi cacy. (17) In the present study, we could not establish that patients with low TTI values were easier to defi brillate. On the contrary, we found that the success rate in such patients was lower than for those with average or high TTI values, although not signifi cantly so. Even then, the higher currents generated for such patients may not have been optimal, even with the use of low energy shocks. The main factors that positively contributed to higher defi brillation success in this study appear to be a shorter duration of collapse and patients with higher TTI receiving lower peak currents.
Initial studies on peak currents required for defi brillation in small and large animals revealed a desired range of 0.5-2.0 A/kg body weight. (30) A study on peak currents required during open heart surgery (31) noted that the lowest range of currents to successfully defi brillate the heart was 8-34 A. Peak currents measured during defi brillation of VF patients in a coronary care unit averaged 0.35 A/kg body weight. (32) A swine model for VF cardiac arrest suggested 12.8-17.0 A. (24) However, laboratorybased human studies propose an optimal range of current of 18-54 A for human defi brillation. (20) (21) (22) (23) In the present study, the peak currents that were associated with the best rates of ROSC for patients with average and high TTI were 15-20 A, although some patients with these TTI values converted at < 15 A of peak current. Patients with low TTI could not have received lower peak currents, because even low energies of 150-200 J resulted in the delivery of at least 20 A of peak current. Some of the highest peak currents in this study were used in patients with low TTI. This is of concern, as the very high peak currents generated may result in the formation of membrane microlesions at the regions of high current density, (33) which would increase the chance of post-shock myocardial dysfunction. This suggests that high-current shocks should be avoided, especially in low TTI patients, to reduce the chances of myocardial damage.
Therefore, optimal peak currents for electrical conversion of patients with VF appear to be in the range of 10-20 A. Since patients with short duration of cardiac arrest require a slightly lower peak current for conversion, it would appear that one should aim for low currents when initially defi brillating patients with VF. The question is whether a fi rst attempt at defi brillation should aim to deliver a relatively low peak current of 10-15 A. Upon failure to convert, one may then consider escalating the peak current delivered to 15-20 A. For patients who do not convert at these relatively low current levels, higher currents may be required.
If our conviction that peak currents rather than energy in joules are the fi nal arbiter of the ability to convert VF holds true, then defi brillators should be primed to deliver specifi c peak currents, rather than energy levels in joules, for best effect. Further research in the use of reliable, specifi c current delivery mechanisms is required to better appreciate the value of peak current in defi brillation of patients with VF.
The present study is not without limitations. We determined the peak currents achieved through a calculated formula rather than by direct ampere measurement. Thus, any approximations used in this calculation could have affected the values demonstrated. Future studies should measure the current generated with appropriate direct ammeter readings.
